Introduction 65
Air pollution is a major environmental risk factor affecting a range of acute and chronic aging-66 related conditions such as pulmonary and cardiovascular diseases worldwide [1, 2] . Previous 67 studies showed that long-term exposure to air pollution has adverse effects on chronic 68 respiratory diseases [3] [4] [5] as well as lung function [3, [6] [7] [8] [9] [10] [11] . 69 70 However, the beneficial effects of improved air quality on the respiratory system are less well 71 understood. Studies from Switzerland and Germany provided evidence that improvement of air 72 quality could have a beneficial effect on respiratory symptoms [12, 13] . In addition, improved 73 air quality in southern California was shown to be associated with improvements in childhood 74 lung-function growth [14] and improved air quality in Switzerland with an attenuated decline 75 in lung function among adults [15] . However, most research has been conducted by including 76 data from only two time points of investigation and little is known about the beneficial effect 77 of a reduction in air pollutants on aging lungs of elderly people. 78 79 Beside air pollution, studies provide evidence that the genetic make-up [16] in Adults (SAPALDIA) to investigate the genetic make-up associated with attenuated lung 85 function decline due to improvement of air quality. However, after correction for multiple 86 testing none of the lung function-associated single nucleotide polymorphisms (SNPs) they 87 included in these analyses modified the association between improvement of air quality and 88 attenuated lung function decline. In the same cohort, Schikowski et al. [19] showed that 89 5 improved air quality was associated with attenuated age-related reductions in lung function over 90 time among low-and normal-BMI participants, but not in overweight or obese participants. 91 92 Improvements in air quality over time provide the backdrop for a "natural experiment" to 93 examine the potential beneficial health effects. The SALIA cohort (Study on the influence of 94
Air pollution on Lung function, Inflammation and Aging) offers a well-characterized exposure 95 history of the study participants with an on-going improvement of air quality over time, as well 96 as consistently assessed health data and lung function of the study participants at up to three 97 time points. This cohort study was initiated 28 years ago and the participating women were up 98 to 83 years old at the last follow-up investigation. 99
We examined the association between improved air quality and age-related lung function 100 decline in elderly women from the SALIA cohort at three time points of examination (1985-101 6 examination and 542 in the second. Ethical approval was obtained from the Ethical Committees 114 of the University of Bochum and the Heinrich Heine University. We received written informed 115 consent from all participants. 116 117
Assessment of air pollution 118
Outdoor air pollution (NO2, NOx, PM2.5 and PM10) concentrations were assessed according to 119 the ESCAPE (European Study of Cohorts for Air Pollution Effects) protocol [23, 24] . Air 120 pollution was monitored over one year (2008) (2009) ) in the study area. Land-use regression 121 (LUR) models were applied to the home addresses. 122
To characterize the levels of air pollution exposure at each time point of investigation, we used 123 extrapolation procedures. Ratios were calculated between air pollution concentrations at 124 government background monitoring stations during a two-year period around each time point 125 of investigation and the period of ESCAPE monitoring campaign. The values from the LUR 126 models were corrected for spatial trends by multiplying them with these ratios. The implicit 127 assumption of proportional spatial contrasts over time was validated with data from six routine 128 monitoring stations situated in the study area and covering the investigation period. 129 130 Assessment of genotypes 131 7 Spirometry was performed according to the ATS/ETS recommendations [26] at all three time 137 points. Forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) were 138 measured. To control for age and height-dependency of lung function, we calculated z-scores 139 from the Global Lung Initiative (GLI) reference values [27] . In a previous publication, we 140 showed that GLI z-scores fitted cross-sectionally and longitudinally with FEV1, FVC and 141 FEV1/FVC measured in our SALIA cohort [22] . 142 143
Statistical analysis 144
We investigated the association between long-term improvement of air quality between 145 baseline and first follow-up and between baseline and second follow-up with the corresponding 146 change in GLI z-scores for FEV1, FVC and FEV1/FVC in linear mixed models with random 147 participant intercepts [28] . A priori selected covariates at three time points which could 148 potentially act as confounders included age, BMI at baseline, change of BMI, highest 149 educational status of participant or husband, smoking status and exposure to second hand smoke 150 (SHS). 151
152
To investigate the impact of the genetic make-up on the association between improvement of 153 air quality with change in lung function, we conducted a gene-environment interaction analysis 154 including 49 SNPs shown to be associated with impaired lung function in genome-wide 155 association studies (GWAS) [16] . To summarize the genetic risk factors for impaired lung 156 function, we used weighted genetic risk scores (GRS), which aggregate measured genetic 157 effects and therefore increase the power to detect gene-environment interactions [29, 30] . 158
External weights (β-estimates for marginal genetic effects) were gained from the GWAS with 159 largest sample size available [16] . GRS were calculated for each individual by multiplying the 160 number of risk alleles for each of the 49 SNPs with the respective external weights and 161 8 calculating the sum over all SNPs [30] . We estimated the interaction of this GRS with improved 162 air quality in adjusted linear mixed models with a random participant intercept. Additionally, 163 associations between genotype status at the lung function related single SNPs (additive model) 164
and change in lung function z-scores were estimated adjusted for principal components (PCs) 165 1-10 to adjust for possible population stratification and age as covariates. 
Description of study participants, air pollution and pulmonary function 176
The characteristics of the study participants are described in Table 1 (Table S1) . 188
189
The distributions of air pollutants during the study period are presented in Figure 1 and Table  190 2. Air pollution levels fell during the study period (e.g., NO2 from a median of 33.4 to 19.7 191 µg/m 3 ). At both follow-up investigations, PM2.5 and PM10 levels were below the European 192 Union (EU) limit values for a one-year averaging period, whereas NO2 levels still exceeded the 193 EU limit values in some urban areas ( Figure 1 ). Since we used the ratio with baseline PM10 194 measurements for the back-extrapolation of PM10 as well as PM2.5, reduction of PM2.5 was 195 strongly correlated with reduction of PM10 (e.g. r 2 =0.98 between baseline and 1 st follow-up). 196
Furthermore, reduction of NO2 was strongly correlated with reduction of NOx, because 197 extrapolation of NOx was based on the ratio of NO2 measurements (e.g. r 2 =0.88 between 198 baseline and 1 st follow-up), whereas the correlation between reduction of PM and nitrogen 199 oxides was moderate (e.g., r 2 =0.63 for reduction of PM10 and NOx between baseline and 1 st 200 follow-up) (Table S2) . 201 202
Improvement of air quality and change in lung function 203
Reduction of air pollution was associated with an increase of z-scores for FEV1 and FEV1/FVC, 204 but not for FVC ( Figure 2 and Table S3 ). A decrease of 10 µg/m 3 in NO2 and 20 µg/m 3 in NOx 205 over the study period was associated with an increase of FEV1 and FEV1/FVC (e.g. for NO2 206 and FEV1 by 0.14 (95%CI 0.01; 0.26)). For a decrease of 10 µg/m 3 in PM10, the z-score for 207 FEV1/FVC increased by 0.21 (95%CI 0.07; 0.35). 208 10 Associations with NO2 and NOx were robust towards adjustment for PM2.5, but slightly 209 attenuated after adjustment for PM10 (Tables S4). Associations between PM10 and FEV1/FVC 210 were robust towards adjustment for NOx, but not towards adjustment for NO2 (Table S5) . 211 Table S6 presents an overview about the lung function related SNPs that were included in the 212 calculation of the GRS (45/49 SNPs available after quality control). None of the single SNPs 213 was associated with a change in lung function after correction for multiple testing. 214
Combining all SNPs to a GRS, we found a negative interaction between reduced levels of NO2 215
and NOx with the GRS on change in FEV1 z-scores (interaction with NO2: p=0.029, interaction 216 with NOx: p=0.021; Figure 3 and Table S3 ). These interactions reveal that with an increasing 217 number of lung function related risk alleles, the benefit from improved air quality decreased. 218
Neither the participants' baseline BMI nor their average BMI during the study period was 219 associated with change in lung function in the elderly (Tables S7 and S8 ). In the interaction 220 analysis, we found an indication that women with a medium BMI at baseline (BMI of 23.8 to 221 28.7) or a medium average BMI during the study period (BMI of 25.3 to 28.6) benefit most 222 from improved air quality. However, interactions between BMI and decrease in air pollutants 223 were not significant (Table 3 and Table S9 ). 224
225

Discussion 226
In the present analysis, we used air pollution estimates and spirometric measurements from 227 three time points over a study period of 28 years to show the beneficial effect of improved air 228 quality on lung function in elderly women. In addition, this analysis revealed that the beneficial 229 effects of improved air quality also depended on a person's genetic make-up. Carriers of more 230 lung function related risk alleles benefited less from improved air quality. 231 232 11 By using data from women up to the age of 83 years, our study extends previous 233 epidemiological studies that showed associations of improved air quality with improvements in 234 childhood lung-function growth [14] as well as with an attenuated decline in lung function 235 among adults [15] . Furthermore, our analysis used data from three measurement time points 236 over a period of 28 years, whereas the maximum duration of previous studies was 11 years with 237 only two measurement time points in adults [15, 18, 19] . 238
239
In the SALIA study, improved air quality was associated with increased z-scores of FEV1 and 240 FEV1/FVC, but not with FVC, which is in line with the results of adults from the SAPALDIA 241 cohort in Switzerland [15] . We found the strongest associations for a decrease in NO2 and NOx 242 with FEV1 as well as with FEV1/FVC, whereas a decrease of PM10 was only associated with 243 Previous studies from the SAPALDIA cohort only included a decrease of PM10 as marker of 249 air pollution [12, 15, 18, 19] . Gauderman et al. [14] also included NO2, ozone and PM2.5 in their 250 study of childhood lung-function growth. However, due to high correlations among reductions 251 of PM2.5, PM10, and NO2, these authors could not assess the independent associations between 252 lung function and each of these pollutants. In contrast, in our study, the correlation between 253 reduction of PM and nitrogen oxides was only moderate, which enabled us to analyze their 254 independent associations with lung function in multi-pollutant models. In these analyses, 255 associations with nitrogen oxides were slightly attenuated after adjustment for PM10. Therefore, 256
we could not differentiate the associations with nitrogen oxides from PM. GRS to increase the statistical power to detect interaction effects [29, 35] . 284
285
In our study of elderly women, there was neither an association between BMI and change in 286 lung function nor an interaction between improvement of air quality and BMI. This is in contrast 287
to Schikowski et al. [19] who found an interaction for improved air quality and change in FVC 288 as well as FEV1/FVC in the SAPALDIA cohort, indicating that obese adults might not benefit 289 from improved air quality. The main difference between the two studies is the age range of the 290 participants. In SAPALDIA, the participants had a mean age of 41 years at first follow-up and 291 52 years at second follow-up, which is still younger than the baseline age in SALIA (55 years). 292
This suggests a different impact of BMI on the beneficial effects of air pollution on lung 293 function during adulthood than at an older age. SAPALDIA further included participants of 294 both sexes, but their interaction findings were not modified by sex [19] . 295 296
Strengths & Limitations 297
The strengths of our study were the long follow-up period of 28 years and the availability of 298 three repeated lung function measures as well as a range of potential confounders prospectively 299 collected over the study period. Furthermore, air pollution exposures were assessed by using 300 state-of-the-art air pollution modelling gained from the ESCAPE campaign in 2009 [23, 24] . In 301 addition, to our knowledge, this is the first longitudinal analysis of air pollution and lung 302 function applying the most recent spirometric reference values (GLI z-scores [27] ) that allow 303 to control for age-and height-dependencies in participants up to 93 years of age. Furthermore, 304
we used weighted GRS in our GxE interaction analyses, which is currently considered to be the 305 most powerful approach to detect interactions even in small study populations [29, 35] . 306
However, more studies are needed to replicate our interaction findings. 307 14 308
One limitation of our study is the loss to follow-up, resulting in a reduced study sample at the 309 first and second follow-up investigation. Women lost to follow-up were less well-educated, 310 smoked more heavily, were exposed to higher levels of air pollution and their respiratory health 311 was worse than those who participated in the follow-up [36]. These factors have already been 312 shown to be predictors for cardiovascular mortality in the SALIA cohort [20] . 313
Although exposure estimates were individually assigned to each participant and at each time 314 point of investigation, exposure misclassification is a potential limitation. However, it is 315 unlikely that any unsystematic exposure misclassification had a modifying impact on our 316 results. 317 318
Conclusions 319
The results of the present analysis suggest a beneficial effect of improved air quality on lung 320 function in elderly women. The elderly are usually considered a high risk group for health 321 effects of air pollution. Thus, these findings support current efforts to further improve air 322 quality. In addition, this study reveals that the beneficial effects of improved air quality depend 323 also on a person's genetic make-up, which might be helpful for the identification of susceptible 324 subgroups as well as for future treatment strategies. 325 326
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We thank all study members and staff involved in data collections in each cohort and also the 328 respective funding bodies for SALIA. 329 in NO2, 20 µg/m 3 in NOx, 5 µg/m 3 in PM2.5 and 10 µg/m 3 in PM10 stratified by a low vs. high 514 GRS (cut-point median of GRS). P-values are given for the interaction terms between the 515 continuous GRS and air pollution (p(int)). Adjusted for age, BMI at baseline, change of BMI 516 during the study period, level of education, smoking (categorized as current, former or never 517 smoking) and exposure to second hand smoke (SHS). 518 519 25 Tables 520 Table 1 : Description of study population at baseline, first and second follow-up (including lung function). All women with lung function measurements at ≥2 time points of measurement were included in the analysis (N=601). 0.20 (0.01; 0.38) 0.13 (-0.06; 0.32) 0.33 (0.12; 0.54) 0.378 0.56 0.104 β-estimates and 95% confidence intervals (95%-CI) per an improvement of 10 µg/m 3 in NO2, 20 µg/m 3 in NOx, 5 µg/m 3 in PM2.5 and 10 µg/m 3 in PM10. P-values are given for the interaction terms between the continuous BMI measurements and air pollution (p-value continuous interaction) as well as for the interaction terms between tertiles of average BMI and air pollution. Adjusted for age, level of education, smoking (categorized as current, former or never smoking) and exposure to second hand smoke (SHS). Bold: significant association (p-value < 0.05) 523
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